This paper describes the development of a dynamic model and simulation results of a tethered harpoon for comet sampling. This model and simulation was done in order to carry out an initial sensitivity analysis for key design parameters of the tethered system. The harpoon would contain a canister which would collect a sample of soil from a cometary surface. Both a spring ejected canister and a tethered canister are considered. To arrive in close proximity of the spacecraft at the end of its trajectory so it ccould be captured, the free-flying canister would need to be ejected at the right time and with the proper impulse, while the tethered canister must be recovered by properly retrieving the tether at a rate that would avoid an excessive amplitude of oscillatory behavior during the retrieval. The paper describes the model of the tether dynamics and harpoon penetration physics. The simulations indicate that, without the tether, the canister would still reach the spacecraft for collection, that the tether retrieval of the canister would be achievable with reasonable fuel consumption, and that the canister amplitude upon retrieval would be insensitive to variations in vertical velocity dispersion.
I. Introduction
NASA is interested in designing a spacecraft capable of visiting a Comet, performing experiments, and then returning safely. Certain periods of this concept would require the spacecraft to remain stationary relative to the NEO. Such situations would require a harpooning mechanism that is compact, easy to deploy and upon mission completion, easily removed. The design philosophy used in the concept relies on the simulation capability of a multibody dynamics physics engine. On Earth it is difficult to create low gravity conditions and testing in low gravity environments, whether artificial or in space is costly and therefore not feasible. Therefore simulation is ideally suited to analyze the problem at hand.
The New Frontiers Comet Surface Sample Return (CSSR) concept is one of several potential missions to small primitive bodies. There have been prior cometary missions beginning with the European Space Agency (ESA) Giotto (fast flyby) and continuing with ESAs Rosetta mission, which will rendezvous with a comet and place a lander on it in 2015. Many of these new missions would require technologies such as Touch and Go (TAG), a type of autonomous rendezvous and docking GN &C system that could make close, controlled approaches and gentle contact with the rotating surface of the body, or different types of penetration systems such as harpoons, darts, or drilling end-effectors. Since ground testing of systems operating in microgravity is extremely costly, innovative approaches for integrated modeling and simulation of proximity operations will be needed to test system performance. Similar to the Mars Sample Return (MSR) concept, CSSR would require advances in the areas of sampling and sample handling, efficient operation methodologies, precise global localization, and advanced options for surface mobility in the cometary microgravity environments. Figure 1 depicts the mission scenario. Figure 2 shows the sequential steps of approach and departure from the comet (courtesy of Steve Broschart, JPL).
Utilizing a rover-mounted harpoon to collect samples from Mars cliffs and a balloon-mounted harpoon to sample the surface of Titan has been proposed. 3 Other concepts are described in, 16 . 17 Goddard Space Flight Center (GSFC) has proposed using a harpoon sampler for comet sampling. 11 The Hayabusa mission fired a projectile into the surface to dislodge surface material, which was captured. 28 In situ missions prepare and transfer samples to science instruments as implemented for the ESA RoLand/Philae (Rosetta) mission.
The Sampler, Drill and Distribution System (SD2) is part of the Rosetta mission and is designed to collect 1 to 40 mm 3 of sample from a comet at a maximum depth of 230 mm. 7 In, 2718 and 19 tethers were proposed to retrieve a canister from a cometary surface.
In this paper, we leverage recent work on modeling and simulation of harpooning processes 21 for the harpoon-soil interaction dynamics. 
II. Mission Concept
The mission concept involves several phases:
• Deployment: Fire harpoon from 100m+ from spacecraft (S/C) (nominal option).
• Sampler Stabilization: Sampler would be stabilized during flight to surface via tension in tether.
• Sampling: Passive, square, drive tube sampler would impact, sample, close and eject sample canister.
• Retrieval: S/C would reel in tether while S/C thrusts, possibly with pendulum cancellation maneuver.
• Sample Measurement: Potentially compute from balance of forces given the spacecraft acceleration.
• Canister Capture: Pull back into chamber it was released from.
• Canister Transfer to SRC: S/C arm would grasp canister and transfer to SRC.
The benefits of this approach would primarily be: low mission risk and capability of providing desirable science data. In regards to risk, the spacecraft would stay far from comet, and would never be on collision trajectory with comet. It would rely on a passive sampler, with the canister retrieval constrained to tether. The canister capture would be straightforward, and the canister transfer back to the spacecraft would also be straightforward. In terms of the desirable science, this approach would allow for sampling subsurface to 10cm, maintaining stratigraphy, would allows multiple samples from different comet locations, and would minimizes sample contamination.
Once the spacecraft points the sampler at the target, then the sampler would simply be released toward the sample target. The tether spool would be on the sampler, and would be pulled out with constant tension, although another design option for active tether tension control would have the spool on the spacecraft instead. The tether tension would stabilize the sampler during flight to surface. Since the spacecraft could be at a stand-off distance, the tether could be long.
It is assumed that a spacecraft would stand off from a cometary nucleus by hundreds or even thousands of meters, and fire a harpoon-type sample capture device into the comet. Based on initial considerations at the mission level, the harpoon would need to penetrate approximately 10 cm into the surface material, capturing a core tube full of approximately 500cc of surface material. It would need to retain this material in the core tube, and then eject the core tube at more than the comet's escape velocity (approximately 2 m/s) so that it could be captured by the S/C for insertion in an Earth return capsule. The cometary surface material is thought to have a density of approximately 0.3g/cc and a strength (both in shear and compression) of 10-100kPa. The canister swing angle would also be bounded to stay within camera field-of-view for visual tracking, especially in close distances, to a semitone angle of approximately 15 degrees.
For the launch phase, the important considerations at launch would be: a) the attitude and body rates of S/C and harpoon; b) the horizontal and lateral velocities induced by spring; c) the maximum harpoon acceleration level, and d) an adequate selection of likely impact site. Important considerations at ground penetration would be: a) harpoon attitude and body rates relative to ground; b) horizontal and lateral velocities cause dispersion; c) regolith cohesion and friction angle of regolith; d) penetration depth; e) max. acceleration; f) possible ricochet, and g) possible impact at site with unfavorable surface orientation. Important considerations at canister ejection would be: a) harpoon attitude and body rates relative to ground, and b) horizontal and lateral velocities cause dispersion.
Two cases are considered in this paper. In the first case, the canister would be retrieved from the emplaced harpoon via an ejection impulse. In the second case, the canister would be retrieved via a tether. Figure 12 (a) shows the model of the tethered retrieval. Figure 12 (b) depicts the various events that would take place during the tethered canister ejection. Figure 5 summarizes the various system parameters considered in this study.
The process of retrieving, collecting, and packaging a sample for a purpose such as sample return must be distinguished from the kind of manipulation used in an in situ mission. There is a clear distinction between sample acquisition, which relies on an end-effector to collect the sample, and sample caching, which involves the transfer and handling of the sample so that would be safely placed for subsequent analysis (either in situ, or for transfer back to the Earth). Figure 3 indicates how the principal GN &C functions would be integrated in a sample collection event. The yellow box denotes the functional areas relevant to this report, and the number of red dots indicates those areas requiring more technology development than others. Furthermore, there are significant differences between sampling on bodies with significant gravity and sampling on small bodies with little gravity. Amongst small bodies, there are differences between sampling comets and sampling asteroids. For instance, sampling of small bodies takes place in an environment where a) material cohesion and surface adhesion effects dominate particle interactions at small scales through Van der Waals forces, b) electrostatic forces are generally negligible except near terminator crossings where they can lead to significant dust transport, and c) micro-gravity and solar radiation dominate system behavior prior to end-effector soil engagement/harpoon penetration.
To provide context, the study approach is built upon an integrated set of physics-based models as illustrated in Figure 3 . The focus of this paper is on the right side of this block diagram. The block diagram shows each element of the integrated model of spacecraft and end-effector dynamics, 4 which includes the models of: the planning function, where the spacecraft trajectory and attitude are specified; the vehicle attitude and orbital dynamics; the vehicle GNC functions, including orbital and attitude estimator and navigation filters; the deployable manipulator dynamics and hinge actuation; the end-effector, harpooning, or in-situ sampling device dynamics and actuation; the Small Body shape, orbital dynamics, and polyhedral gravity models; the communication, power, and lighting geometric analysis; the multi-scale properties of the surface regolith; and the interaction of the end-effector, harpooning, or in-situ sampling device with the surface regolith. The block diagram includes feedback loops to the spacecraft controller from the hinge states of a deployed robotic manipulator, the end effector states, and the amount of mass collected, assuming all these states are known. If not known, they can possibly be estimated. The reason for including these additional functions is that sensing these states are all possibilities in a scenario where an algorithm is needed to monitor the duration of the sample event (dwell time), and a change in each one of these states can be used as a trigger to terminate the event. Utilizing force sensing and active compliance during sample collection has also been proposed in, 20 , 21 and is an example of close integration between the GN &C functions and the sample collection dynamics. This solution would allow the sampler to contact and penetrate the surface while the spacecraft is far away from it, and would dramatically increases the likelihood of successful sample collection and return of pristine samples to Earth, with great benefit to planetary science. Small body sampling from a long stand-off boom not only poses lower risk to the spacecraft, but would allow for longer sampling durations and depths than possible with existing articulated arms and booms in closed proximity of the surface, and for sampling multiple times at multiple locations for a fixed spacecraft position. An important element in the understanding of the harpooning penetration process is the physics of the regolith, which is described next.
III. Modeling of System Dynamics
The modeling approach described in this section presents several challenges. First, a complex system needs to be modeled which simulates a complex mission phase: approach to the comet, release of the harpoon, harpoon emplacement on the ground, release of the canister from the harpoon, and recovery of the canister by the spacecraft. We approach these challenges by using a multi-body dynamics modeling approach, in which all bodies (spacecraft, harpoon, canister) are initially kinematically locked, then released and unlocked when an impulse is applied. We also emphasize the interaction between the harpoon and the soil model, as this interaction drives the initial conditions for the next phase, i.e. the ejection or tethered retrieval back to the spacecraft. Therefore, two systems have been considered that deal with this complexity. First, a three-dimensional model of the system composed of the spacecraft, the harpoon, and the canister inside the harpoon has been considered. Second, a two-dimensional model of the tethered canister being retrieved by the spacecraft has been considered. A two-dimensional model for the tethered system was chosen to focus on the main issue of bringing the canister within reach of the spacecraft, rather than focusing unnecessarily on complex tether dynamics. The two systems have the initial phase in common, i.e. the harpoon ejection and penetration phase, since to first order the high separation impulse of the harpoon from the spacecraft makes the tether tension much smaller than the harpoon inertia forces.
A. Three-dimensional dynamics of spacecraft-harpoon-canister system
The spacecraft, harpoon, and canister are assumed to be rigid bodies. The three bodies are initially rigidly connected. Upon ejection, the harpoon-canister system would first be released, while the spacecraft continues along its trajectory. Once collision with the ground has been made, the harpoon-canister system would be allowed to penetrate into the ground, so that a sufficient amount of sample could be collected into the canister. The canister body would also be kinematically released from the harpoon body. After a prespecified time (1 second), the canister body would be spring ejected from the harpoon with a 2 kN force for 10 milliseconds, upwards towards the spacecraft. To allow for misalignments both at the harpoon-canister ejection from the spacecraft and at canister ejection from the ground, these ejection events would take place with both a force and a torque impulse. The canister would then travel towards the spacecraft, where a conical receiving funnel would collect it an secure it for return to the Earth. Important considerations at canister ejection are that the canister attitude and body rates relative to ground must be bounded to avoid tumbling, and that the horizontal and lateral velocity dispersions upon ejection could cause the canister to miss the rendezvous with the spacecraft.
The system Lagrangean is L (η,η, t) = T (η,η) + U (η, t), T (η,η) is the kinetic energy of S and U (η, t) the potential energy of S, η andη are the vectors of generalized coordinates and speeds, and is the vector of generalizes forces. The vectors η,η, and are defined as follows: η = (r i , q i ),η = (ṙ i , ω i ), and = (f g + f i , τ i ). The vectors f i and τ i include external perturbation and control forces, and f g represents the gravitational force -µm i ri |ri| 3 , the comet outgassing force, the solar pressure force, and the comet dust ejection force, described below. The virtual displacements δr i and virtual rotations θ δi are kinematically admissible as they satisfy any constraint equation imposed on body i, namely if Φ ri ·δr i +Φ θi ·θ δi = 0, where Φ = [Φ ri , Φ θi ] represents the Jacobian of a certain algebraic equation Ψ = Ψ (η,η,t) = 0. Therefore, there 
The equations of motion can now be written in matrix form as:
where
The constraints used in the spacecraft-harpoon-canister problem are essentially ground constraints (the harpoon locked to the ground at the end of penetration), and lock-release constraints before the various separation events take place.
B. Two-dimensional dynamics of canister tethered retrieval The system model is assumed to be two-dimensional. Figure 6 depicts the geometry of the model used for this case. The horizontal and vertical components of velocity are to be considered as velocity dispersions, i.e., sources of error. T is the tether tension, T h is the spacecraft fly-away thrust, K is the viscoelastic tether impedance, and θ is the tether swing angle, which increases during retrieval, as tether retrieval is an unstable dynamic event. 15 The spacecraft and harpoon are assumed to be rigid bodies connected by one viscoelastic spring. The equations of motion for the spacecraft and harpoon are:
where f sc and f h are the external forces on the spacecraft and harpoon, respectively, F sc is the ascent thrust on the spacecraft, τ sc and τ f h are the external torques on the spacecraft and harpoon due to the tether, respectively, and f Ground is the force exerted on the harpoon upon ground penetration. Given the rotation matrices:
the generalized forces on the spacecraft and harpoon body due to the tether are:
where d ij = r j + A j s j − r i − A i s i , s i is the location of the tether attachment point in the i-th body frame, and the tether tension is given by
2 is the tether strain rate. In the case of the canister being spring-ejected from the harpoon in the direction of the spacecraft, i.e. no tether assisted retrieval, the equations of motion of the canister become;
The algorithms used in the tether retrieval and canister collection events are shown in Figure 7 . Some relevant ideas are also discussed in 18 and. 13" 
C. Control Laws
The control laws applied to the spacecraft are of the feedback (proportional-derivative) plus feedforward type. The translation control that would actually be implemented on the spacecraft is of the form
where s represents the position vector of the center of mass, K p and K v are translation control gain matrices, M is the spacecraft mass matrix, s Est and s Cmd represent the estimated and commanded translation state, respectively. The rotational control instead is of the following form
where Γ p and Γ v are rotational control gain matrices, J is the spacecraft moment of inertia matrix, λ is the eigen-axis of rotation, and θ err is the magnitude of rotation corresponding to the difference between the commanded and the estimated quaternions. A feedforward term is used to track a command defined up to an acceleration profile. The torques in eq. (15) are applied with a negative sign to the spacecraft reaction wheels.
IV. Modeling of Harpoon Interactions with the Ground and the Comet Environment

A. Harpoon penetration physics
Projectiles traveling through the ground do not always travel in a straight path. Under certain conditions, the trajectory will take on a curvilinear shape. This J-Hook phenomenon makes it difficult to determine the trajectory. Additionally, the entire harpoon would not stay in contact with the surrounding soil. This condition is known as Wake Separation. A stress would be exerted on the harpoon only where the soil is in contact with the surface of the harpoon. Finally, there is Trajectory Direction Reversal. At some critical incidence angle a harpoon that would normally execute a J-Hook trajectory no longer travels back toward the surface, but dives away from the surface, driving the harpoon much deeper than expected. All of these issues make accurate prediction of a penetrator's trajectory very challenging. Large cometary bodies typically spin slowly and may have more strengthless material on the surface than small bodies, which tend to spin faster. For example: a buried circular disk penetrator has a vertical pullout capacity of about 68 times the weight of the soil in a cylinder above the disks surface area, for a soil friction angle φ = 40 deg and a depth of burial 10 times the disk diameter. Therefore, for a 10 km radius asteroid with 2000 kg/m3 regolith, a vertical pull-out capacity of 300N requires the weight of 0.26 m3 of regolith, or a 32 cm diameter disk buried at a depth of 3.2 m. A cylindrical harpoon (pile) is an alternative choice, but still requires a diameter of 32 cm and a length of 7m for pullout capacities of 300N on 10 km radius asteroids, using the pile skin friction equations. In practice, there may be predominantly lateral loading on the harpoon, which complicates the analysis.It is likely that regolith harpoons would require significant burial depths and surface areas to be effective. With slow penetration methods (drill, melter), the attitude control system must be involved to stabilize the spacecraft. With fast penetration method (tethered spike, telescoping spike, multi-legged with tethered or telescoping spike), the attitude control system may not have to be involved. Early studies on penetration for the ST4/Champollion mission selected a 1 kg 1.9cm diameter truncated cone penetrator for penetration onto the surface on materials of strength up to 10 Mpa with a 45 degree impact angle within a reasonable velocity range (100-200 m/s) with a minimum pullout resistance of 450 N in any direction. Penetration deployment/retrieval issues: the harpoon may ricochet adversely on surface instead of solidly emplacing on ground. Drilling a harpoon requires a torque transfer to another object. PHILAEs landing gear uses ice screws and three landing legs with two pods in each, for example. Harpoons could be easily launched before landing. Spacecraft ACS (reaction wheels, not RCS) would probably need to be on during the penetration Phase to avoid vehicle stability problems. Some harpoon designs would allow them to be pulled out, others would not. Figure 8 and Figure 9 are taken from, 5 and depicts the ranges of forces that would be expected in proximity of the surface of a comet. Figure 10 , taken from, 23 summarizes typical behavior observed in penetration tests on different types of targets, indicating the possibility of ricochet of the projectile depending on the approach speed, direction, and surface material parameters. 
Regolith Modeling
In general, slow harpooning methods such as those based on drilling or melters would require the spacecraft Attitude Control System (ACS) to be involved for vehicle stabilization. Conversely, fast harpooning method such as those based on tethered spikes, telescoping spikes, and multi-legged with tethered or telescoping spikes would likely require less ACS involvement. Early studies on harpooning for the ST4/Champollion mission Figure 9 . Environment around harpoon on Comet, taken from 5 selected a 1 kg 1.9cm diameter truncated cone penetrator for harpooning onto the surface on materials of strength up to 10 Mpa with a 45 degree impact angle within a reasonable velocity range (100-200 m/s) with a minimum pullout resistance of 450 N in any direction. Several harpooning deployment/retrieval issues must be carefully considered that could impact the mission design. A harpoon may ricochet adversely on surface instead of solidly emplacing on ground. Also, drilling a helical harpoon requires a torque transfer to another object. PHILAEs landing gear uses ice screws and three landing legs with two pods in each, for example. Harpoons could be easily launched before landing. More than one harpoon would need to be deployed from the spacecraft to ensure static stability. Spacecraft ACS (reaction wheels, not RCS) would probably be needed to be on during the harpooning Phase to avoid slack cables and vehicle stability problems. Some harpoon designs would allow them to be pulled out, others would not.
Behavior of the regolith is likely governed by cohesion and surface adhesion effects that dominate particle interactions at small scales through van der Waals forces. Electrostatic forces are are generally negligible except near terminator crossings where it can lead to significant dust transport. The micro-gravity and solar radiation dominate system behavior prior to soil engagement or penetration.
Soil mechanics experiments have known issues when it comes to testing samples of regolith in one-g. First, a reproducible preparation of a homogeneous soil sample is difficult to achieve. Second, a characterization of the soil properties in depth is difficult, since static parameters are typically measured at the surface. Third, under 1-g load, according to soil theory, the compressive strength in depth is significantly influenced by overburden terms, i.e. the effective strength/resistance increase with depth. The soil shear stress can be modeled as
i.e. , the Mohr-Coulomb limit soil bearing capacity theory, where φ f , is known as the friction angle (or internal-angle-of-friction), p is normal pressure, and the zero normal-stress intercept, c, is known as the cohesion (or cohesive strength, i.e. shear stress at p=0) of the soil. For typical regolith simulant, the cohesion is 40 Pa at loosely packed conditions and increases to 10 kPa at 100 relative density. The friction angle also increases monotonically from 25 deg to 60 deg. The Rosetta Lander design takes advantage of this effect of greatly increased cohesion by local compression of the cometary regolith under the landing pods during landing. Previous relevant regolith modeling work, . The lower limit of the tensile strength is of the order of 1kPa whereas the probable upper limit can be taken as 100kPa. The lower limit of tensile strength corresponds to a compressive strength of c ≥ 7kPa. This wide range of soil properties must be captured in simulation, which poses a significant challenge.
At very low gravity and vacuum conditions the biggest unknown is the material strength of the surface material. Neither the Deep Impact mission nor other comet observations have provided firm data on the strength of cometary material. Theoretical considerations and laboratory measurements for weakly bound aggregates and the few observational constraints available for comets and cometary meteoroids lead to estimates of the quasi-static tensile (or shear) strength of cometary material in the dm to m range as of the order of 1kPa, while the compressive strength is estimated to be of the order of 10kPa. In the following, we summarize the current state of knowledge in asteroidal and cometary regolith behavior.
• Cohesion, tensile, shear and compressive strength: While for brittle materials tensile strength is generally less than the shear strength, compressive strength is about one order of magnitude higher than tensile strength. In the case of soft landing compressive strength is the relevant parameter. Shear, tensile and compressive strength are indicated by σ s , σ t , σ c , respectively.
• Dynamic and quasi-static strength: During impacts, due to very high strain rates, the dynamic strength is typically higher than the quasi-static strength. It is known that the strength increases with strainrate resulting in values about an order of magnitude higher (or even more) than the quasi-static strength for the same material. Generally the tensile strength σ t is proportional to a power b of the strain ratė with a power law exponent typically around 1/4 to 1/3, depending on the material.
• Size dependence: Different theories indicate that the strength decreases with increasing size according to d −q where the exponent q is approximately 0.5 (fractal aggregate with fractal dimension D = 2.5 of ice). Thus, if extrapolated from typical lander (0.1m), or impactor (1m) to typical comet (1 to 10 km) scales, the size effect alone would produce a factor of 100 in the apparent strengths. This is in line with the observation that comets can often be described as essentially strength-less bodies (large cometesimal, rubble pile, swarm models) globally, while locally a significant material strength is to be expected.
• Breakup of Comets, Topography Observations: Tidal disruption of comets indicate low global tensile strengths in the order of 100 to 10,000 Pa. For example, the break-up of Shoemaker-Levy 9 during its perijove in 1992 set a rough upper limit of the tensile strength (on global/km scales!) of 100Pa. The tensile strength of sun-grazing comets has been estimated as 10kPa with some uncertainty due to thermal stresses. Images by Stardust from comet 81P/Wild-2 showed that the cometary surface must have a finite strength on short scales (< 100 m) to support the observed topographic features; because of the small gravity, some 10P a might suffice. Otherwise, only lower bounds on the tensile strengths are available in the order of 1 . . . 100 Pa.
• Breakup of Meteoroids: Another source of information about possible strength values of cometary surfaces on mm to dm scales stems from the analysis of meteoroids associated with certain comets which enter the earth atmosphere at high speeds and finally break-up and create a light flash. Wetherill
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gives values for tensile strengths of these fireballs ranging from 1 kPa to 1 MPa. More recently, TrigoRodrguez and Llorca 24 have studied a broad data base of meteor ablation light curves and arrive at tensile strengths between (400 ± 100 Pa and 40 kPa, clustering around 10kP a for not too evolved and rather low density < 1g/cm3 (if known) cometary meteoroids.
• Laboratory Measurements: The small scale (cm) shear and tensile strength of snow in the relevant density range of 300 to 500 kg/m3 is of the order of 10 to 100 kPa. The tensile strength of snow is nearly independent on temperature, while the compressive strength shows a remarkable increase with decreasing temperatures. Simulating possible cometary analogue material in the scope of the KOSI experiments concluded that the small-scale compressive strength of porous mixtures of crystalline ice and dust lies in the range between 30kPa and 1MPa with increasing strength for an increasing dust fraction.
• Limits Derived from Comet Size and Rotation: Stability against disruption due to rotation yields lower limits for the combination of bulk density and tensile strength. Rotational periods and sizes for many comets are known, but the corresponding bulk densities are not well constrained. For example, a fast rotating big comet such as C/Hale-Bopp (1995 O1) could be a strength-less rubble pile with a bulk density as low as 100 kg/m3.
• Theoretical Estimates: There are different approaches to describe the tensile strength of powders on the basis of van der Waals interactions, cf. Greenberg et al., 9 or Chokshi et al. ? The latter model includes the elastic deformation of contacting spherical grains. The theoretical tensile strength of fluffy aggregates depends on particle radii, contact areas, packing geometry and typically scales with the bulk density. Greenberg et al. estimate a tensile strength, for interstellar silicate dust/ice material with a density of 280 kg/m3, of 270 Pa. Sirono and Greenberg 22 derive 300 Pa for the tensile and 6000 Pa for the compressive strength for a medium composed of ice grains linked into chains by intermolecular forces. Kuhrt and Keller 14 derive a theoretical strength of 100Pa and 100 kPa for grains of 1mm and 1µm, respectively. Note that 95% of the Deep Impact ejecta dust cross section is represented by particles r < 1.4µm. From the discussion above the conclusion can be drawn that the cometary surface on meter scales has a reasonable lower limit of the tensile strength of the order of 1kPa whereas the probable upper limit can be taken as 100 kPa. Now that the foundations of the regolith behavior have been laid out, in the next section we delve into the analysis of the soil interaction process during penetration.
Modeling of Forces acting on Penetrating Object
A complete and general solution describing the penetration of a projectile into a solid body is not known, though there are several published models available which may be applicable to the harpoon (see, e.g., those listed by Wang 25 ). For current modeling efforts we consider the harpoon to be a rigid, conically tipped cylindrical projectile, where θ is the half opening angle of the cone.
2 Several possible forces may contribute to the overall deceleration experienced by the projectile during penetration.
1 These may depend on penetrated depth and velocity as well as target material parameters. Most of the forces can be expressed as the integral of decelerating stresses over the wetted surface S w of the penetrator in contact with the target material. The main force terms of clear (or plausible) physical origin found in the published literature are as follows:
• A constant term associated with compressive strength, possibly including a contribution from the targets self-weight. The latter should be negligible on the comet, where the surface gravity g is expected to be no more than about 1/2000 of that on Earth. It may be more significant for groundbased experiments where the projectile is fired downwards into a cohesion-less target, though the fact that it is also proportional to the diameter of the projectile means that the term is still quite small for laboratory-scale experiments.
• A term which increases linearly with depth due to the weight per unit volume ρg of the overlying material (overburden pressure). As with the self-weight, this should be negligible on the small body but needs to be considered for ground-based experiments, especially those with cohesion-less targets. This term is also proportional to a factor N q (φ). For the limit φ = 0, N q = 1 and the term becomes analogous to buoyancy in a fluid.
• A dynamic drag term proportional to the target density ρ and the square of velocity V , resulting from the transfer of momentum from the projectile to the target material. In many cases the importance of drag is incorporated by adopting a drag coefficient C D (which may itself have a velocity dependence), analogous to the parameter used in fluid dynamics.
• Sliding friction between the projectile surface and the target material, governed by the coefficient of sliding friction µ f and the total normal stress from the three terms above.
• A viscosity or damping term, proportional to the component of velocity parallel to the projectiles surface. As with friction, this force acts parallel to the harpoons surface rather than normal to it. The physical validity of this term seems to be a matter for debate.
• The weight of the projectile. This is only important when significant compared to the other (decelerating forces.
Collecting these terms together with the appropriate geometric factors, one obtains the following equation for the overall deceleration:
In this equation, θ = θ along the conical tip, but θ = 0 along the cylindrical shaht of the penetrating object. Also, from Komle,
, and k v is a constact with units of [N sm −3 ], i.e., those of viscosity divided by the thickness of a representative boundary layer around the projectile where viscous flow occurs.. From, 12 a parameter analogous to a drag coefficient can be defined in terms of the material parameters as
where α = 3λ/(3 + 2λ), λ = tan(φ), φ is the angle of internal friction, η = 1 − ρ0 ρ is the volumetric strain, ρ 0 is the bulk density of the target material before penetration. The case η = 0 implies zero compression.
After, 12 the compressive stress and the drag term can be combined together, so that the radial pressure exerted on an area element of the target material in contact with an area element of the penetrators surface can be written as:
where τ 0 is the soil cohesion. Note that σ consists of a constant term and a term proportional to the square of velocity, i.e. this model produces neither a term analogous to viscosity nor an overburden pressure term.
The total decelerating force acting on the penetrator consists then of two components. One is the vertical component of the normal stress on the penetrators conical surface, the second being the vertical component of the sliding friction acting tangentially to the projectiles surface. Combining these two components and integrating over the whole wetted surface S w of the penetrator gives the following expression for the deceleration of the harpoon:
To get insight into the sensitivity of the system to the various parameters involved, we derived a simple one-dimensional model of the system behavior during penetration. Assumptions used in the derivation of this reduced model are the following. The harpoon is modeled as a point-like body with variable mass and area. The mass of body increases because of soil compaction. The soil properties are constant. The gravity level is constant. The soil penetration is modeled following the previous section. The system equations are integrated with a 4-th order constant step Runge-Kutta integrator. Under these assumptions, the final equations of motion of the penetrating harpoon become:
where ρ is the soil density, g is the local gravity level, m 0 is the initial mass of the harpoon, σ c is the maximum soil compressive stress, N c , N g , N q are soil bearing capacity factors, s c , s g , s q are shape factors which depend on the penetrator cross-section shape, and c is the cohesion coefficient. Figure 11 , taken from, 21 depicts the soil bearing stress vs. depth as a function of (a) penetrator mass , and (b) cone angle, confirming the fact that a larger diameter harpoon would penetrate less, and that a heavier harpoon would penetrate deeper. All these results assume an initial approach velocity of 1 m/s. Now that we have insight into the system behavior with a simple model, we increase the fidelity of the model and consider the soil interaction process with a multibody dynamics model. This is done in the next section.
B. Outgassing and dust ejection models
In this section, we summarize the comet outgassing and dust ejection models. The assumption 13 is that the comet outgassing field is continuous and it varies from the largest value at the sub-solar point to the minimum value at anti-solar point, and that the outgassing force is radial along the direction u. 6 The number of atoms crossing the area A at the distance r from the center of the comet due to time interval δt is given by
where Q gas is the gas production rate in molecules per second, θ is the angle between the comet to the sun and the comet to the spacecraft vectors. The total momentum applied to this area is P tot = 2m g v g N where v g is the gas velocity and m g is the mass of water molecule. The total force on the area is F tot = P tot /δt.
The pressure field will depend on two variables: angle θ and distance r, and is obtained from the above equations in the form p gas =Ṁ gas v gas 4πr 2 (1 + cosθ) (27) whereṀ gas = m gas Q gas is the gas mass loss rate. Consequently, the gas (outgassing or dust) induced acceleration on the spacecraft can be computed as:
Following, 13 the parameters used in the outgassing model are): water production rate Q gas = 3 × 10
28
(molecules/sec), gas loss rateṀ gas = 300 (kg/sec), gas ejection velocity v gas = 600 (m/sec), and the parameters of dust ejection model are: dust mass distribution m dust from 10 12 to 10 7 (kg), min/max dust size d from 2 × 10 5 to 8 × 10 3 (m), dust ejection velocity v dust = 300(m/sec), dust mass loss rateṀ dust = 100 (kg/sec).
V. Simulation Results of System with Harpoon and no Tether
In this section, we discuss the results of the simulation study. Figure 12 (a) shows a simulation snapshot of the scenario with no tether. Note that the harpoon would remain emplaced in the ground, while the canister would fly back towards the spacecraft, which would be accelerating away under the thrust. Figure  12 (b), shows the amount of material that would be collected inside the canister, as a result of the ground penetration event. Figure 13 Notice the the first spike of acceleration at the moment of ground penetration (approx. 1 second), and the second spike of angular acceleration at 2.5 seconds when the canister is ejected from the harpoon. Figure  15 shows the canister position (a), velocity (b), acceleration (c), quaternion (d) angular velocity (e), angular acceleration (f) during the mission event. Notice the the first spike of angular acceleration at the moment of ground penetration (approx. 1 second), and the second spike of linear acceleration at 2.5 seconds when the canister is ejected from the harpoon. Figure 16 shows the components of the relative distance between the spacecraft and the container, confirming that the container would be recovered successfully by reaching the spacecraft once it has been ejected. Figure 17 shows the simulated (a) soil penetration force, and (b) the soil penetration torque, while Figure 18 shows the (a) soil penetration depth, and (b) the soil penetration depth rate. Figure 19 shows the soil compressive strength as a function of time. Finally, Figures 20, 21 , and 22 show the solar pressure, comet dust, and comet outgassing forces and torques, during the event. The magnitude of these forces is very small, consistent with the results presented in 5 and in Figure 8 . 
VI. Simulation Results of Tether-Assisted Retrieval of Harpoon
In this section, we discuss the effect of adding a tether to retrieve the canister. Figure 5 summarizes the various system parameters considered in this study. The pictorial depiction of the model and the parameters used in the simulation are shown in Figure 23 (a) . A viscoelastic spring-dashpot is used to model the tether, connecting the harpoon to the spacecraft. For simplicity, the problem is two-dimensional. At the initial conditions, the system is hovering along the radial direction, with the canister on the ground at zero velocity (just released from the harpoon casing), while the spacecraft is at 100 meter altitude and has velocity initial conditions both in the vertical and the horizontal directions. These velocity initial conditions represent initial dispersions in velocity accounting for control imperfections. Figure 23 (b) shows the timeline and a snapshot of the tethered harpoon leaving the surface as the spacecraft pulls it. A 0.1 N-s ejection impulse from the surface is applied to the Canister at 0 sec. Spacecraft fly-away acceleration (thrusting) is initiated at 0.2 s, and tether retrieval is initiated after 5 seconds. The assumed Isp for the spacecraft fly-away thrusters is 220 s. Figure 24 shows the trajectory of system from initial condition, bringing into evidence the system transfer of angular momentum which takes place the moment the canister is released from the harpoon. Figure 25 shows (a) the tether tension upon retrieval, and (b) the tether stretch upon retrieval. Figure 26 shows (a) the tether strain upon retrieval, and (b) the tether Length upon retrieval. Figure 27 shows (a) the tether length rate upon retrieval, (b) the tether length as a function of tether retrieval rate, and (c) the system rotational speed upon retrieval.
The results of the sensitivity study as the fly-away thrust varies from 10 to 30 N, are summarized in Figure 28 . These results indicate that the tether retrieval is achievable with reasonable dV fuel budget, and that the tether pendulum mode angle amplitude angle is smaller with larger thrust. Figure 28 also shows the sensitivity as a function of increasing the horizontal velocity dispersion from 1 to 10 cm/s, which increases both canister swing angle and tether tension. This case was important to analyze because the canister swing angle was bounded to stay within the camera FOV for visual tracking, especially at close distances. Figure 29 shows the sensitivity as the initial vertical dispersion velocity is varied from 1 to 3 m/s, and shows that, except for the initial transient, the tether pendulum model amplitude angle is insensitive to vertical velocity dispersion. Figure 29 also show the sensitivity as the tether retrieval rate is varied from 10 to 30 cm/s, and shows that the canister angle is practically insensitive to tether retrieval rate.
The tether pendulum motion could potentially be reduced with a S/C pendulum cancellation maneuver using well-established techniques of vibration reduction using input shaping. This maneuver would track the canister motion, e.g. visually, and the spacecraft would execute lateral motion to reduce overall tether pendulum angle, repeating the cancellation motion to further reduce pendulum angle. 
VII. Conclusions
This paper described the development of a dynamic model and simulation results of a tethered and untethered harpoon for comet sampling. This model and simulation was done in order to carry out an initial sensitivity analysis for key design parameters of the tethered system. The harpoon contains a canister which collects a sample of soil from the cometary surface. Both a spring ejected canister and a tethered canister are considered. To arrive in close proximity of the spacecraft at the end of its trajectory so it can be captured, the free-flying canister needs to be ejected at the right time and with the proper impulse, while the tethered canister must be recovered by properly retrieving the tether at a rate that avoids an excessive amplitude of oscillatory behavior during the retrieval. Then results of the simulation with our a tether indicate that the canister can get within reach of the spacecraft so it can be captured, and that the comet environmental forces have negligible magnitude to affect its trajectory. A tether-coupled spacecraft-canister system was modeled and simulated. Specifically, the simulation model consists of a tethered spacecraft (point mass), and a canister-sampler (point mass) connected to the spacecraft by a tether. The tensile force between these bodies is governed by a linear elastic spring model. The contact force with the ground is modeled by a nonlinear soil-interaction model. Both the spacecraft trajectory and the tether-length trajectory are coordinated in a manner that ensures that the relative velocity between the spacecraft and the sampler (tethered harpoon) approaches zero at rendezvous (i.e. the sampler capture event). A sensitivity analysis for key design parameters of tethered and untethered system was conducted, showing that: a) the tether retrieval would be achievable with reasonable spacecraft fuel budget; b) the tether pendulum mode angle amplitude angle would become smaller with increasing spacecraft thrust, and c) the tether pendulum model amplitude angle would be insensitive to tether retrieval rate. 
